FATIONAL ADVISORY COKMITTEE FOR AEROWAUTICS

NO. 484 ——— e o

.- - A METEOD OF (ALCULATING THE PERFORMANCE COF COYTROLLABLE

FROPELLERS WITH SAMPLE COMPUTATIONS

By Edwin P. Hartman SR e
Langley Memorial Aeronautical Lgboratory }

i PINDARY. PO ‘;.{ T
' . ] LI GO e

NOV 7 978

LANGLEY RESEARCH CENTEH -

OERARY, MASAT T T
HAMPTON, VIRGIMIA

J _ /~ Washingzton - o e
' © "January 1934 ' . L

——ea 2
FomElms Tkl e h B
) SR e
! T s -
!
: - - -



£

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS

et e e i et

TECHNICAL NOTE NO, 484

A HETHOD OF CALCULATING THE PERFORMANCE OF CONTROLLABLE
PROPELLERS, WITH SAMPLE COMPUTATIONS ~

By Edwin P. Hartman
SUMMARY

This paper contains a series of calculations showing
how the performance of controllable propellers may be de~-
rived from data on fixed-pitch propellers given in N. L4.C.A.
Technical Report No., 350, or from similar data.

Sample calculations are given which compare the per-
formance of airplanes with fixed—pitch and with control-
lable propellers. The gein in performance with controlla—~
ble propellers is shown to be largely due to the increased
. power avallable, rather than %¢ an increase in efficiency.
Controllable propellers are of particular advantage When
used with geared and with supercharged engines,

A controllable propeller reduces the take-off run,
increases the rate of climb and the ceiling, dut does not
increase the high spesd, except when operating above the
design altitude of the previously used fixed-pitch pro-
reller or when that propeller was designed for other than
high speed.

INTRODUGTION

The rapid refinement of airplanes and engines has
been accompanied by an increasing demand for a morse flex-—
ible type of propeller, particularly because the result-
ing higher airplane speéds have necessitated the use of
high pitch settings with a resultant sacrlfice in'%ake—off
and climbing performancs.

The reduced low-spesd performance of a fixed high~
pitch propeller operating on a high-speed airplane is duc
pripcipally to two causes: (1) The drop in engine speed
and power between the high speed and standing condition
is greater for high~speed airplanes than for low-spesd
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airplanes; (2) the blades are stalled during the begin-
ning of the take-off run resulting in a severs losse of
take~off thrust.

These difficulties may be overcome by the use of a
controllable propeller which may be adjusted in flight by
the pilet to & suitable pitch setting. The same purpose
may also be accomplished by the use of an auvtomatic pro-
peller whose blades accommodate themselves to the_most
favorable pitch settings for the various conditions of op-
eration.,

The controllable propeller has only recently been de~
veloped into a practicable form. Stimulated by the grow-
ing need for such a propeller, several manufacturers have
now produced controllable propellers of sufficiently sat-
1sfactory design to be acceptable to conservative alrline
operators znd airplane manufacturers. The incresased in-
terest in their performance characteristics has rssulted
1n numerous requests for test data on them.

Since the controllable propeller is merely the equiv-
alent of a series of fixed~pltch propellers of different
*pitches, it shauléd be clear that 1its performance may be
calculated from propeller data already available. It is
the purposse ¢f this report to show how suchH calculations
mey be made, and by the use of several examples glve a
guaentitative indication of the benefit which may be de~
rived from the use of controllable propellers on airplanes
of various types.

"PERFORMANCE CALCULATIONS

The propeller data used in this report were taken
from the results of wind-tunnel tests of a full-size: pro-
peller operating in conjunction with several engine~fuse-
lage comblnations. Thess data, given in reference 1, con-—
stitute the most extensive and reliable information avail~
able on this subject. A set of propeller curves taken
from this reference 1is reproduced in figure 1. In this
figure, propulsive efficiency m and V/nD are plotted
against Cg with bdlade angle f as the parameter, The
nondimensional speed-power coefficlent Cg 1is defined by

6§/ T8
v
Cg = J/i%'na in whic@ V . is air speed, P is lqput power,
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spbgdqudntly from the charts- obtain WVﬁD, blade ahgle,
and efficTency for the desigh- cgﬁdition. The diameter :
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Propéller performance as uwsed in thie report means -
“the abilgty of" a propeller to comvert the full~rated powgr
-o¥f the engine’ Pnto -thrudt  power at :211 £1light velocities,.:
It°is represented by a curve -of fiull~throttle thrust horse-
pbwé& available (t.hp. a) -zgainst . air spead ahd is the y
mos practical basis upon whioh propellers T be compareﬂ.
' £, 808 ve .‘—-‘a-r_...-h....A = N
* An additlonak-curve of-'thrust horsépowss" quEired
(t Wp.p) - against air 'speed.is mwecessary For comparing the

pdrfdrmancos of  &n airpfane ‘eduippéd’ with various: types of
.propellers, This ceurve ‘18 Ealéulat éd Tromd. deslgn an@ per-
formance date by & metho& deeeriﬁeé Taﬁer. - T

. e _ N

P -1 P e e L E-,._';%T.-_'
: e
-

a i - o Thrust Horsepower éyailable_

| L

——— T
-

1 i||

=

'W'm
%4

= . &£ B -“'5':" e 2t ,—.':- .=

. R
Fixed—pitch ‘Brop8ller.~ - ORs: &ifficulty ia céiculat—
ing the perforinandé of a fixed-pitch propeller I8 calsed..
by the variation of propeller revolution speed with air

speed. Sibce DothR™ V[nD and*'Cs - involve the fatlor =u,
an indirect mBthod of- some 1ength is usually requ{re& for
such- calculéfloie.' : A
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‘*Tt is Geﬂvenient in making Thess” compﬁtations to have
a $3%1% of 03 valued for air spsedsd and revélution .
speeds likely to be encountered by the propsller. - Before
euﬁh e~%able can be mede, however, it.i8.necessary to have
&7 f2ll-throttle powsr curve for the” efigine; obiained ei~,
thor by test or b empirical méthode. " In the:f1lhstrative
ekamplos™ given in’ this report thb. ‘poirer .curves; for the un-
Weupercharged engin®s werU‘Ebmputcd from the rélation
b.hp. T F.pem. - PR R
(b.hp.)o” Tregimelo mherp (b.dp WQ and £i Pl )0
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the ratsd power arﬁ speed of the englne. This relation is
fairly accurate throughout 'the usuael flight range of en-~
gine speeds for unsupercharged. enginea but may.be coenpglid-
er bly in error if used for supercharged engines. , "Actual
test resuits 8re, npcgssary for problems involving supér-
charged eng;nes. :“ﬁ vt el b S L g e i m e e =

FORNS A T~ YA )

.....

"pat. in the . form, qf table I

Air spoeds are selected at Bmall intervals throughout
the flight renge and .for sach air. apeed gelected .three
.-valueg, of.. Qggine gpeed '(r.p.m.)l ;are. chosen in- ‘the .range
where: the actual engine. .gpped is 1ikely to -be. A value of
.6s is found .in fhe. ¢y table.for each value of (r.p.ms);
and, ‘since the blade angle is known, the V/nD for each
value of (r.p.ms); may be found from the charts in ref-
erence 1. With this valus of V/nD and known values of
V and D .a second value of (Tepemela - .may be calculated
.for gach chosen., {repeusly . 'If (x.peme)r -and (ropeme)a
. are. Blotted against Cg as in figure 2._tho interspction
"af"tHée two curves. determines the. actual valus of r.pems
‘and Cg for this particular air spced. With.a 1littlo.
practice a guick mental calculation will suffico to deter—
mine the common point of the two curvos and plotting bo-
comes UNNGCOSSAry. .

Yow that the correct value of r.peme 18 known, the
corresponding b.hp.g may be easily found, and.also since
the correct Cg and blade angie are known the efficiency
may be found from the charts’ and b hp.a caleculated,

- Qgptrollabl propeller In general, the optimam per-
formance of a controlladle propeller igs obtained when the

pitch is controlled so as to permit the engine to develop
maximum permissible engine revolution speed and power at
all flight velocities. TFor the examplea given in this re-
port, the permissible limits of engine speed and power will
be taken as the. rated. spoed and ‘power of the engmne. Tho
fact that the engine revolntion spoecd and tho power aro
held. counstant at all air. speods greatly Bzmplifiaﬂ porform—
.anco. calculation for tho controllablo proPeller since Cg
may be. quickly and dzrectly calculated for each air speed.
With the diameter of the fixed—pltch propeller es & basis
for selection, the diameter for the controllable propelier
may be chosen, bhaving due respect for high tip speeds.
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Since the Lir s yoed,” rovciutldn spee& and diameter are'f

S Frown? thHe' V/nB ‘rativ for. eth air speed may be’ ‘caléu~
lated., On the propelle? charts in refsrence I, the kKnown
velues of V/aD and Cg determine p and m.. The thrust
horsepower available is then the aroduct of the efficlency
and the rated horsepower of the engine.

This method of propeller-performance calculation ap~-
plies t6 the automatic propellers only, where the bdlade
angle is continuously adjusted to maintain constant engine
speed. When the prdpeller installaetion provides for only
two or three blade-angle settings within the flight range
and is manually coéntrolled, the peérformance may be calcu~
lated as for a fixed-pitch propeller in the air—speed in-~
tervals between blada—angle changes.

Hypothetical ¢onbrollable-gitch-and-diametor Lc P.& D.)
propeller.~ Theory and experiment have shown that the pro-
peller diameter that is best for oné particular air speed
is not the best for all air speeds. For optimum perform—
ance, then, not only the blade angle but the diameter must
be changed for each alr speed.

’L

It is interestlng for comparative purposes to Galcu-
late the performance of a hypothetical propelier whose
blade angle and diameter may be set at thelr ideal values
for each condition of flight. -Such a propeller has a per-
formance that cannot% dbe ezcesded by any other propeller
of similar blade form,

The performgnce of a C.P. & D. propeller was calcu~
lated for each of the sxample airplanes in this reportes
Since such a.propeller is purely hypothetical in nafurs,
the hlgh—tip~speed losses, which would inevitably occur
at low air speeds where the dfaméter is la¥ge, were inten-
tionally neglected. In actual propeller applications the
effect of high tip speeds must not be oveéerlooked. Infor—

.- -

The values of *CS for the G P.& D. propeller are ﬁhe
same -8 ‘for the controllable propeller, but the ‘values &%
V/aD and blade angle for each speed ‘dfe found from 'the
propeller charts at the intersection of the: g - drdihate
and the broken line designgted "maximum efficiency for COg.t
Values of  V/aD  and- blade angles on this 134 give eoffi~
ciencieés falllng on the’ envélope of - tHé eff101ency cutrves.
THe efflciency and thiust Horsepower 'd¥&ila®ble ‘are “Found
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2.s.. for the conurollable pr0peller.' ;Aéfﬁé;k dtameter for
each- velocity is. determined from the kmown values of V/nD,
¥, and ‘n by simple substitutlon. Co LT o

Thrus't HorsepoWer Regutred
B . A .

The thrust horsepower required by an airplane may be
calculated from the eduation N e
- ." o pra IR 2 WZ Lot ] '
e e . '-."b.hp.- e 3 - e -

‘ p 1100 p be ,55o-v

in which the first term is the parasite power required and

- the sécond is ‘the indunced- power reguired., -The terms in

this- equatlon have the follow1ng 51gnificance.---
'w, ‘welght in .1b.. '
-V, - ailr speeﬁ in ft;/se;.
£,  a para31te drea, An- sq.ft., defined by f = Dp/q
'L';DP;. paraéite drag in - lb.' ‘ T : o
'q;.{-dynamio pressure,.lb /sq;ft;
P air den31ty 14 slugs per cueft.

b2, an effective span squared equal to' é(l_:b)2

- By -span in feet

,k,gf,Mnnkls epan,factor -

. .e: - is-a. term described in refarence B. yage 20, as
an eirplare efflciency factor the valiune of which usually
lies between 0.75 and, L.0, depending upon the cleanress
and pbther characterlstics of the—alzplane. Its purpose 1s
t0o make .2allowance for. dilierences in actual conditions from
ideal, such as nnnelllptlcal span 1oading and varliable par-
aSLte drag coefflclent. ‘) . _ -

[N T T . -
l-" » v

, The par&site area f puat not be confused w1th tas
commonly used “equlvalant flat plate area’ which 1s egual
to £/1.28., The equivalent parasite area £ may be de~
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termined by a summation of the drags ‘of the component
parts of the airplane plus an allowance for interferences,
but if the high speed of the airplane is known it is much
easier and more accurate to solve the #t.hp., eodquation
for f as follows:

R

2 w2
BuhD.a X - ) 1100
f==( Peo TMmnax T p bez Vmax 550
R —— =T —

P Vmax

With this value of £ +the - t.hp., equation may be
rewritten

“t.hp.p = K V2 + K1 /¥

Table II gives the results of the solution of this equa-
tion throunghout the speed renge for the first example
airplane.

Alirplane Pefformance Characteristics

The high speed and climb of the example airplanes were
determined from the curves of +t.hp,r and *t.hp.g in the
usual way, which will not be described here. = .

The take-off runs Were calculated wusing Diehl's take-
off run equation, the development of which is given in
reference 4. This equation for still. air is .

Eg V& Ty T, :
S — N wherse YT— = ﬁ:—' - &
7 - =
and S, the take-off run in feet e
M coefflicient of friction between wheels and
ground
v, gross weight in pounds

T, static thrust of propeller

Ve take-off speed in miles per hour'
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Kgy & factor the value of ﬁnich may'be-determined from
figure 3 where Xg is plotted against

e REAKT = A A S S PN TER

D . . Py e e e e
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in which T% is the thrust at take-off speed’ Va _ob-
tained by multiplying ‘the’ thrust horsepower at VB' by
375/Vg; D/L is the reciprocal of (1/D)max anéd may be
calculated as follows,

Detérmiﬁatidn.of (L/Djm;x

The meximum value of the ratio. L/D may quite easily
be found from the . t.hp., equation, which may ‘be written

-

-

]

. - :
tehp.p g?% = E V3 + ﬁ%, from which

D = 375 K V?® + 375 :1

"where, VT 48 in niles per hour. Ir order to flnd the min-
imur drag the first derivative of D with respect to V
must be equatetl to zero.

_ §$>——9 X 375 Y - (2 X 375 x K-)/v3 =0, 80 that

2 X 375 KV = <2 X 375 Kl)/v3
and K V3 = Kl/v,4 which shows that the air speed for

Dnin end therefors (L/D)p,x 4is the air speed at which

thoe induced power required is equal to the parasite power
roquired.

Then at (L/D)p,x

“«/ K
= 3
v K

BeBper = 2 X E/Y Ll
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CUEFTaa = (e X B75)/V
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Static Thrust

3 . - T - s u--c .'T-

The static thrust of proPellers simllar in plan form
to the -one used in reference 1 may be found from flgure 4,

ey

whered.E%B- is plotted against blade angle "B . The ‘engine

torque Q may for unsupercharged englnes be taken as the
fullrthrottle torque of the &ugirne calculated-from its rat-
' ed power and speed. ‘For supercharged engines Q should
be taken as the actual engine torgue at the beginning of
the take=off run. The¢ durve.’ 1n figure 4 1s a_mean.of the
ToD curves for the propeller fuselage arrangement shown
in ‘referdnce 1 and may be usdd with ‘felr accuracy -for any
of them, - More complete data with regard to-static thrush
¢f propellers may be found in -reference . b. h,* U
The blade angles of the controlladle propellers at .-
take~off were the ones that permitted the énginé %4 turn
at full rated speed., -The blade .angles and diameters of
the C.P«& D. propellers for ta&e-off were. thqse that gave
the greatest static thrust with the engine operaﬁing at
rated power and speed.,

- .- T

» 1. EXAKPLES

Tadble III is a summary of pertiment duta regardipng
the four airplanes used as examples in this report. he
characteristics (L/D)pgx ond £ wefé‘Ealeculated:by the

methods préviously' given. The alrplane efficiency facfon
@ was chosgen for. each &irplane . roughly in proPfolon Q..
its aerodynamic cleanness, except for airplaneonq.- -where

previous tests had shown this coefficTIent to° be.approxi~--
mately 1.0, The remainlnv characterletics were teken from
‘publlshed data. . s _;r?_

— . = - . . -

Aﬂrplane nO. l is ar lowqwinéea 7—passenger transpggt

= s .2 -—x":

= . - » 1 =
e - P : ""a:“.l'.. PN wl

v
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with retractable landing gear; no., 2 is a gull-winged mon-
oplane with a well-streamlined water~cocled engine instel-
lation; no. 3 is a l4~pagsenger trimotored monoplane trang-
port; and no., 4 is a pursuit~type single~-place biplane with
a supercharged air-cooled engine. The engine, which has a
critical altitude of 6,000 feet, has a-manifold pressure
regulator for sea—~level operation.

Performance Calculation for A.ifplane Fo. 1

. B o
A -

Lo Slnce airplane no. 1 is a hlgh—SPBed transéort, the
propeller will be selected for its high-speed quelitiles.

Cg- for high~sPeed at sea level = .0.638 X .V —— -

_ 0.638 x 211,
(525)/5 x (1900)2/5

and for this example = = l;éﬂ,

In flgure 1, tHe maximum efficiency obtainable with this
Cg ~ s O, 865:with a blade angle of 28° and & ¥/nD. of
1.088; The best diameter for the high~speed conditlon ia

o 211 x 88 00 ¢ .
888 1900 X 1.088 ee

This ailrplane belng a monoplane; Munkls span. factor
will be L and since it is a clean airplane e _will Dbe
takén as 0.9. The equivalent. parasite area will be

s _ _

(525X0.865 - éz (5200) ) 1100
me(42.8)° X 0.9X211X1,467X550

£ = - =

o (211X1.467)°

Be74 equare-feet,

With this value of f the ‘t.hp.p equation may be .
written +t.Hp. ir = K T2+ K,/Y = 0, 0000458V3 + 4920/V at
sea level; 'V - 'is in milés per hour. In table II are
given thé results of. the "solution of this equatlon for val—
ues of the alr speed in the flighb range. o

The performarce of the fixed-pitch propelldr "was cal-
culated by the method previously given. Tabdle IV and fig-
ure 2, which indicats the procedure, are self-explanatory.

For +this airplane the performdnée of a 9~foot and a 10-foot
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controllable propeller and a C.F.:: D. propeller wasg ‘com=’
vyuted. The results of all the calczlations made up to
tais point are listed in table ¥V and are glotted 1n fig—
ures 5 and 6.

The high spced of the alrplane is odtainad Trom the
intersection of the +t.hp.p; and the t.hp. curves, and
the rate of climbd is calculated from the oXcess t.hp.
in tho usual way. Figure 7 °is & plot of {ud rate of climi
at various air speods for this alrplanq.

The static thrust of the propeller end the (L/D)max
of the airplane must be known before take-off calculatlons
can’ be made., Table V gives the ‘resul¥s of sta%ic—thrust
calculations for the various propellers of-airplaie no. T,
-and is suff1C1ently clear %o ‘n8ed ?f fur#her explana%ion.

s okt (LAD)pgk the veloeity =-;

= Z/__&EEQ_ = 101.5 mi} on
- 0.0000458 T YR m eSPE}‘.‘.JV;IO'D.I‘
't-hP-I‘ L= 2 X 4920/101 5 = 97 I S R EM - v “‘_- .___—j - -
' ii%&-fé weight = 57200 pounds T R
drag = :97 X 375/101 5 = 368 pounis '-=-=:‘f _‘f:%{f.' -

(L/D)max_, 5200/558 14 5 . with the landing gear ret:aoted.

'-.- Pﬂ o~ e —e s e —_

The drag of a retractable landlng gear whgn sxtenﬁed is
usually quite high, so that.if thei.drag at - (L/Dlpax is”
assumed t6 -be -increased . by - =w third when “th'e gear is’ down
the maximum ' L/D ' ratilc will be approximately ll. T _L

The take~off runs with the varlous proPellers may now
be- calculated. For the flxed—piﬁch propeller,-.- R e

- I
‘("___‘ e P

e ELIE PO

-.ﬁv = l 151 pounds - o
T8 ig assumed in qii éiéﬁpleé to e 0.0b
Vg = 75'm.p.h, from table III

T, = 920 pouads, from table IV ‘ -

1l
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D/n = &= = 0,091
 m1/w = 0.127 N - '
TF/Tl = 1,02

e ,fég; mzs'ééﬁ; ?fr;ﬁvéiéurg 5 ?: o _ ;h;;4;

iﬂhg;take—eff run for the f1xed—pitch propeller 1s then

0.033°X 752'4‘
8= — = 1,4 f
":§ A 27 55 feel

v et
RARS T "

.._.-_._-._.,,q s

The take~off runs with the centrollable propellera
.Wero .algo calculated by Diehl's method,  although for such
propdllers the method is less rigorously correct. The ro-
sults of these calculations are given in table VII,.

Table VIII is a summary of the performance character—
istics of airplane no. 1 when equipped with various types
of propellers.

" Airplanes Nos, 2, 3, and 4

For the sake of Dbrevity the detailed.calculations for
airplanes 2, 3, and 4 -will not be included in this report,
However, the regults of the calculations &are found in filg-
ures 8 to 14 and tables IX to XIII. The performance of
airplane no, 4 was computed for¥ three altitudes: sea level,
6,000 feet (critical altitude for the engilne), and 20,000
feet, An 'individuel set of performance curves and a sut-
mary for each altitude are given in figures 11, 12, and
13, and tebles XI, XTI, and XIII. The rates of climb arse
plotted against altitude in figure 14. The interssction
of a straight line .passing through the rate-of-climb
points, with the altitude-axis, determines approximately
the ceiling of the airplane. ’

The time~to-climbd curves, which are also plotted in
figure 14, wers calculated from the following equation

T H l 1

L ' E

. . . -
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.'where: T is the time to climdb to altitude h, H the _
-‘ceiling, and Oy the initial rate of climb.

Gearing

The effect of gearlng upop the performance of flxe¢
and controllable propellers is shown in figure 15, In
this example it was assumed that a 450-horsepower engine
having a veriable gear ratio was mounted on an airplane
baving a top speed of 180 miles per “hopxr. The perform-—
ance of both a fixed-pitch and a cpntrollable propeller

was calculated for each of three gear raflos. The diame—

teors and blade angles of the flxed—pitch Eropellers wore
chosen so0 as t0 give the Zreatest speéd, whereasg the dlam-
sierg of the controllable propellers, in accordance with-
the information obtained from airplane no. 1, were chosen
congiderably larger than that giving the highest speed yot
not large endugh to be affected by hisgh tip speeds. Neil-
ther ths increase in propulsive efficiency with propeller
body-diameter ratio nor the loss of power due $0 gearing
was considered. In an actual case these would tend to
balance each other,

DISCUSSION AND'RESULTS

... The curves in figures 6 and 10 indicate that the dif—
ference in performance between a. controlladle and & fixed~
pitch propeller of equal dismeter is largely due to the
meintenance of engine speed and power by the controllable
propeller rather than to the difference in their propul-
slve efficiencieg,:

: In nine examples calculated four of . whlch are given
in tihlg report, the differenced betwesn the propulsive ef-
ficiencies of coantrollable and fixed-pitch propellers of
equal diameters was giiite small, the greatest differenceo.
being in example 1 (fig. 6)s In two examples the efficien-
cy of the fixed-pitch propeller was actually greater than
that of the coantrollables_or even the G P. & D, propeller
throughout part of the  flignt range. L T TTT L

Figures 5 and 6 indicate that with airplanes similar
to nos 1 the use of a controllable proépéller of larger
diametor than that for best nigh-~speed performance Iin-
creases the all-round performance except for a neglligibls
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logs -of ‘high speedy - Thig advantage would behlargely off-
set if, due %o -the use of tie larger propeller, Iigh. .
tip~speed losses were involved. It siould be clear, thean,
that slow—~spesed or geared esnzines have an advantage in air-
planeg of this type. : :

The engines of airplane no. 3 having a rated speed
ef 2y190 r.p.m. required the use-af small~diameter propel-
lers in order. %o avoid aigh - tip speeds. A cqgg}@g;ebly
bettor performance oould be obtainei if. A -moderately geared
ongine &nd larger propellers werxe. used.h T .

Alrplane no‘ 2 with its high top speod and geared en-
.gine aypears to .be admlrably sulted for . .the adaptat*on of
a. controllabla propeller.- The elow-turning propeller.

haft perm;te tne.uso ok .2 large~diamete; propoller, thus
ob$ain11g & ner:ormanoe nearlv equal-ta that of the 4,po—
.thétical controllable-pifch~and~dianoter, propeller, and
undoubtedly much better than a smallex diameter Eyopeller
on AL ungeared engine.of equal power. - o

LL
-

Alrplane no. 4, wmtn 1ts elow~turning euperohanged
en@mne, provides the greatest possibilities forx -the use -of
a controllable ‘propeller. It will be mnoted in .figures 10,
1ll, and 12 that the drop in engine speed, and theroefore
in engine power, with the fixed-pitch propeller is excep—
tionally high, Thig effect is:due to .both the high speed
of the airplane, and also to the fact that with & super-
charged engine the power falls off with engine speed moro
Lrapldly .then with -an unsupercharged engine.  -It is evideat
",therefore that = controllable propsller.ds.a very valuadle

asset .on high»epeed alrplanee wsing . supercharged engines.,

i Althougn it is generally considered that 8. conurolla~
ble propeller has but small effect in tue high epeed and
crulsing speed of an airplane it has teen shown in rofer-
enqge 6.that, due to a better correlation between manifold
:preesure and revolutlon speed .the cruielng epeed of an -
airplane equipped with a euperqharged eagine may 4An cer-
tain cases he materially 1ncreased by the .use of a con-
trollable pnopeller. The examnle cited 1n thle reference
of & large twin—enﬂ ne transport 5howed an ‘increase in .
'cruising speed o%- percent wihen the flxeiépitch propel~
lers wére replaced by controllable propellers. - . ..
. .As the critical altitude of a. ;aupercharged engine 1s
increased the" eea—level performance of & f£ixed-pitch pro-
peller ieeigned for critical altltude decreases,: Thig de-

g T er . e Lo s . -
[T M, ..'. Lot . N . . -_... e P . - - PR Lta T .."'.:.

— rrm

i
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creage 1s due to the fact that with the manifold pressure
set'to alléw maximum permisslble cylinder pressufs the
propeller designed for tritical altitude holds the englﬁe
below its rated speed and power at sea level, For this
reason a controllable pr0peller is equally valuable at al-
“titudes bélow critical altitode as at altitudss above crit-
ical altitude. It will be noted from the curves for the
examples glven that the greategt range of blade angle for
ordinary flight covers about 7% for the airplane with the
supercharged englne and considerably less for the other
thres,. - —_—— = S -~

The performance of a controllable propeller having
but two pitch settings was computed foi airplane no. 2.
The performance summary for this alrplane given in tabdle
IX shows that its sea—level performance in take-off, climb,
and high speed when equipped with thé 2—p1tch—§ett1ng pro-
peller is very nearly as good as-its performance ¥When i
equipped with a propeller having a large atmber of p1tch
settlngs. _ _ = -

For any omne altltude it appears that ‘two pltch set—
tings may be sufficient; however, when an airplane rises
above the design altltude of the propeller the propeller
speed drops and a third and fourth pitch setting may be
highly desirable.  In general then, for airplanes whilch
do a large part of their flying at nearly constant alti-
tude a propeller having two pitch séttings may suffice,.
whereas for airplanes which operate through wide ranges of
altitude, éspecially for those with supercharged engines,
a multipitch setting or automatic propeller is preferable.

From figure 15 it appears thaet for certain types of
airplanes the effect of gearing on the performance of' con-
trollable propellers 1s distinctly advantageous, whereas
the effect upon the performance of a fixed-piich propeller
is practically negligible.

CONCLUSIONS

le The relative efficiesncies of a fixed-pitch pro-
peller and a controllable propeller of the same diameter
account for only a small part of the difference in perform-
ence between the two propelliers.

2¢ The primary benefit of a controllable propeller
comes from the fact that a controllable propeller permits
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el BTSRRI

the engine to maintain the maxinum allowable revolution
@pe¢¢ and.power at all air speede. : :

- --!---...-

:»t-eZ-, A secondary advantago cemes frem the fact that
with e contrpllable propeller thke.use of;a larger diameter
~than: that -giving best high eneed‘increascs the all-round
~:performance of the airplane except for a negligible lose
ia+high epeed. ) L :
ool B L B
S 4y A geared engine is desirable for use, with a. coqw

trellable propeller, N . . e : .

5« The controllable propoller is partlcularly deeir-
able: for msg with eupercharged engines.
6. The change  of blade angle neqeesary to maintain
.- constant engine speeod throughout the flight range is from
eé  to. g°

7. A controllable propeller reduces the teke~off run,
increaees the rate of climb and ceiling, and above the .
critical altitude of the engine it increapes the high speed,

Lengley Hemorial Aeroneufleal Laboratory,..
National Advisory Committee for Aerenautics,
Langley Field, Va-, OCtObeI' 304 193'3'
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Table I
Airplane No., 1. Values of OCg
TePalle 2,000 1,900 1,800 1,700 1,600 | 1,500
(r.p.m.)?‘/5 20495 20.50 20,10 19,63 19.15 { 18.70
behp. 552 525 497 468 442 413
(behp.)r’/s 3.54 | 3.505 3,47 3.425| 3.385 | 3,335
V (mepehs) Values of OCg
50 ; 0.430 0.444 0.45%7 0.474 0.492 | 0.511
60 «516 « 532 » 549 « 570 . 580 «614
75 « 645 « 665 « 686 « 711 . 738 . 766
100 . 860 . 887 .915 [, .949 .984 | 1,022
125 1.075 1.11 1,14 1.185 1.23 1.28
150 1.29 1.33 1,37 1.42 l.48 1.53
175 1.51 1,55, 1.60 1.66 1.72 1.79
200 1.72 1.77 1.83 1.90 1,97 2.04
225 1,93 2.00 2,06 2.13 2,21 2.30
Tahle II
Airplane ¥Fo,., 1. Thrust Horsepower Required at Sea Level
Parasits Induced
Air gpeed power power Total powser
required required required
V(n.p.ha) Ve KV® (t.bp.)| Ei/V(%t.hp. § t.hp.r
225 11,400,000 522 22 544
200 8,000,000 366 25 391
175 5,370,000 246 28 274
150 3,370,000 155 33 188
125 1,950,000 89 39 128
100 1,060,000 46 49 95
75 422,000 19 66 85




Table III

Airplane Characteristics

Jigh Take~cff
¥o. Type Weight | Span |(b.hp.), [tr.p.m.),| speed speed e CL/D)max Munk's f
(1b2) 1 (£t.) (m.p.he)| (m.p.h.) ¥ | {(sg.ft.)
1 { High-speed | 5,200} 42.8 528 1,900 211 75 0.9 1 14.5 1 6.74
transport
2 |¥ilitary 4,865| 45.7 600 2,450 191 67 [1.0] 12.5 1 10.44
ocbservation gearsd
7:5
3 ITrimotored 13,515] 78.0 | 3x4b0 2,100 148 75 .B5| 9.5 1 44.1].
l transport
4§ burgalt bi-| 3,730|larger| 610 at | 1,800 193 65 85| 8.6 | 1.15 | 11.75
ll,plana 51.5 (6,000 £t

*ON €@30K TEOTULOEN °*V*O°'VT'H

¥8%

6T



Alrplane no.l

¥able IV

Determination of b.hp.p, for Fixed-Pisch Propallex

Diameter 9 f%, p = 280

*¥0°Y°K

P -) (4} ¥/nD rnp.m.) r.P.m, [ k] b'hp. t.hp.
E:.sgu:ad:; (ta.glaj) (418-1) scaloulaﬁ:ed) (a0 u (Botual) &
N L1 *| Alr spe 225 m.p.h,
i% 5% 1.2k | 1925 1950 1.96 0.£70 | 538 | nes
1300 2,06 1,167 1850
.72 1,013 _%19_%5@“(1 200 m.p.h.
1900 i:gg Jiiggz iggg 1870 1.79 860 | 517 bis
1 [ ] - .
5 ﬁi:i_su:ead 175 m.p.b.
1200 %223 135; 1800 1800 1.60 Li0 | w7 | s
1700 1.66 +982 1740
go7 Alr gpeed 150 m.p.h.
1300 1.&'2! .
1700 1, +B55 /20 1750 1.394 -807 g3 350
" 682 i.ig;peed 125 m,p,h.
1500 1.1 .
1700 1,185 o718 1%00 1700 1.185 752 470 353
1200 1.23 .ﬂ? 1635
Alr gpeed. 100 m,.p,h.
e 33}? :Eﬁ %635 1685 .95k b4 | 45 | 301
1600 .9 .
%00 656 ’I-%E .;iégapaed 75 m.p.h.
1 ] [ ]
1loo .11 M 1 1670 719 195 61 229
1600 .38 A51 1625
- ‘ iﬁsspeed 60 m.p.h,
1800 . *3 -
1700 .570 . 1680 1650 580 <393 Lsg 179
o | g | |
Z o0 Alr ged 50 ®,Deh,
1300 . .
N . 0 1640 8 .320 k53 1k5
| R | R | 5 o




Table ¥
Performence Figures for Controllable and Fixed Pitoh Propellersg

‘¥'O°V'K

Alrplane no, 1
v Cq v/nD g (deg.) ) tobp., T.P.B. dBt:f. t.hp,r
ft'
(m.p.h.yC.P. |T.P.|C.P, |O.P. | C.E. |0.P. {O.P,|O.P.|F.p.| O,P.| G.P.]C.P,] F.P, [C.P.|0.P.|C.P.] P,P]C.P.| V.P,
& D, | 9-ft. 104312 D, |9-1t4 10044924 & D.{ 9-Tt{10-24] 9-fila D, 9-rt.10-:19-n-d.;.11 9-1+.
50 0. 484 0,477 0,267|0.231 23 {16.2|28 | 0,502|0.400 o.u7aio.3ao 261 | M0 {250 | 145 | 1900 1640 s
50 532 513 .309| .278 23,2(16.2|28 256 Jdsa) s . 292 |23y |284% | 179 {1900 1650
gs 665 71 o.gﬁg .;as 471 9.8125,3116.3| 28 .bed| . 620 % 330 %ﬁ; 325 2239 15001 1670 11.3285
100 887! . . 211;& JA63 ] 15 2.;1 28 717] .B65] .T16] . R‘{S E& 301 |1900 | 1685 |10, %95
1 1.11 1.152 . E . g;ﬂ 18.7)2h,2]118 (28 .8l .755] .778] .752]k10 Rgs 353 |1900] 2700 9.85 {128
1 1.%3 1'%% . ;g . 2. 22 19.2| 28 JB22 .301 . 807 1131, b |leo | 390 |1900 | 1750] 9.50(18a
%5 1. i'79 1.02 [1.03 'Sé? 3%5 g‘{% ‘33333 '562 L460 '3%% LE60 % Eﬁu} m m}g 133'6 ;..goo 250
L ] L ] » * » - L] L] [ ] L ] [ ] 0 l1 1
225 1.;; 1.96 11.265]1.159]1.04 | 29.4)29,.2|23.6| 28 75| 87| L438 .370?120 Lsg |440 | 468 |1500 19%0 2.95%
Table V1
Determination of Btatic Thrust
Airplane no,l1
Propeller p (deg.) |7, D D {rt.)} Q@ (1b.-£5.)} T, (1b.)
1, 0,P. & Diam. 11 19, 11.2 1 251
2, C.P. 16 16.25 10 1% 2 1%
E' 0.7, 23 9.7 9 1455 1568
o PP, 28 Bal 9 1455 920

Q= { mw. % 5250)/z.p.m.

ie
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Tahle VII
Airplane No, 1. Determination of Take~Off Run
Propeller To | Ty ™ /W X S Ratio §—>
(1ba](1b.) v/ s (£t.) (so
1, C.P.& D 2,515!1,660({0,434(0.,050 |.645 0.44
2, C.P. 10 ft. | 2,415|1,625| .415| ,0495| 669 «46
3. C.P. 9 ft.]| 1,568(1,430| .2351| .04l 816 .63
4, P.P, S ft. 920|1,151| .127{ .033 |1455=85, 1.00
Table VIII
Airplane Ho. l. Performance Summary
High - Ratio| Max., rate | Ratio| Taks~ |Ratio
Propeller speed |/ V¥ of climb {Q;\ off /§;>
(m-p.h.) \Vo (ft./min-) \'CO/. run \So
(f5.)1
l. G.P.& D. 211 1.00 1,835 1.29 646 0,44
2. C.P. 10 f+%, 209 « 39 1,825 1l.29 669 « 46
3. GC.P. 9 ft,. 211 1.00 1,680 1,19 glé «63
4, FPe 9 ft, 211=V, 1,00 1415=Cg¢ 1,00 | 1445=] 1.00
So -
Tzble IX
Airplane No. 2. Performance Summary
High Fatio |Max. rate|Ratlio|{Take~|{Ratio
Propeller speed | /¥ N Jof climb [/C N\ | off {/58)
(mepeha) QVO/ (£t./mindP \Co, run | \So/
(£%.) - _
l. C.P.& D. 191 1,00 2,230 l.24 377 10.56
2s C.Fe 10.5 £%. 190 . 995 2,200 1.23 414 .62
3. FePu 10 £t 191=v, | 1.00 1795=C45 | 1,00 674=11,00
S0
4, C.P. 10.5 ft, 190 995 2,190 l.22 430 « 639
(2 pitch
__ settings)
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Table X
Airplane No, 3. Performance Summary
High Ratio|Max., rate | Ratio]| Take~|Ratio
Propseller gpeed Y \{of climd (9_) off S_N
(m-p.h.) VQ/ (ftu/mino) Go run \So/
(£t.)
l. CP& D 149 1,00 1,480 1.29 681 0,71
2, C.P. B8.75 f%. 149 1.00 1,310 1.15 766 « 80
3¢ FoPo 8475 £H.| 149=VTo |1.00 1135=Co 1.00 952=| 1,00
So
Table XI
Airplane No« 4., Performance BSummary
(Sea level)
High Ratio{Max. rate | Ratio| Take~ Ratio
Propeller speed /V_Y\ jof elimb c_\| off (5_
(m.p.h.) \VO / (ft-/mint) CQ/ run \So
(ft.)
l, C.Pe& D 182 1.024 2,670 1.30 290 0.61
2. C.P. 10 f£f%. 182 1.024 2,620 1.28 314 .66
3. F.,P. 10 ft.] 178=Vg |1.,00 2050=Cq 1.00 47 8= 1.00
So
Table XII
Airplane No. 4. OCritical Altitude
(6,000 ft.)
High speed Ratio Max. rate Ratilo
Propeller - (mepaba) C[_\ of climb (SN
Vo / (ft./min.) \Co 7
le C.Pa& D, 195 1.00 - 2,%35 1.51
2. C.2« 10 ft. 195 1.00 2,670 1,47
3. FePu 10 £t 195=V, 1,00 1815=0C¢ 1.00




Tgble XIII =

o

P

Alrplans No. 4 L

(50,000 ft.) :

High Ratio | Max. rate | Ratio Ratio - Climb in 4

Propeller dpeed v of climb C_ {14 H_ 10 minutes o
(mep.k.) Yo (£t./min.) Co Colling Hp from erit- Ef

ical alti~ Y

tude o

l.J

1. C.P.& D. 182 1.04 1,240 2.26 31,600 1.20 - =
et

£. C.P. 10 7t. 183 1.04 1,195 2.17 1,500 1.20 16,500 ft.  °
=

3. T.P. 10 ft. 1755V, 1.00 550=C, 1.00 26300=H, { 1.00 12,000 ft. ¢
i

[0 s]

Y

¥z
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Figure 2.-Determination of actual r.p.m. and Cgq

for fixed-pitch propeller. Airplane no. 1.
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Figure 4.-Chart for the determination of the static thrust of a
propeller.
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